This paper presents the use of a self-developed solver based on boundary element methods (BEM) for electric field calculation of a transformer. Calculation of electric field is based on the approximation of charge density on the transformer winding. By obtaining the unknown distribution of charge density it is possible to calculate both the potential and electric field strength, as well as calculate the capacitance matrix. Linear functions are used as base functions and point-matching method is used and the integration is done both analytically and numerically. Additionally, commercial software based on finite element methods (FEM) is used for modelling the same problem to verify the obtained results. The problem is solved for a real transformer geometry by both BEM and FEM. The results are then compared and a short analysis of the application of both methods on this problem is given.
Introduction
Due to its position in the power system, the transformer, and consequently its insulation system, is subjected to electric stresses which may cause damage or complete breakdown of the insulation system. Insulation breakdown is one of the most common causes of transformer malfunction. Therefore, it is very important to properly dimension the insulation system during the transformers' design phase. During the dimensioning process it is important to take into account that the electric field should not exceed the specified critical value. This requires use of complex analytical or numerical methods for electric field computation during the design phase.
Charge simulation methods (CSM) [1] [2] , finite element methods (FEM) [3] [4] and boundary element methods (BEM) [5] can be used for the calculation of the electric field.
The use of FEM for solving partial differential equations in engineering is well established and commercially developed. The basic idea of FEM is to model or approximate the solution region by replacing it with smaller regions called finite elements. Use of this method gives a solution over the entire problem region which is time and memory consumable.
The main advantage of using BEM over FEM is that only the boundary of the domain needs to be discretized. Therefore, the problem is reduced by one dimension since for two-dimensional problems discretization is performed over boundary edges and for three-dimensional problems over boundary surfaces. Disadvantage of BEM is that its application leads to a system of linear equations with a dense, and in case of using point-matching also nonsymmetric, matrix. This means that the computational and memory requirements grow according to the square of the problem size. In order to reduce those requirements compression techniques like fast multipole method (FMM) are used. Use of the FMM, first proposed by Rokhlin and Greengard for the solution of two-dimensional and later also three-dimensional potential problems [6] [7] , with BEM reduces the computation time and memory requirements to orders O(N log N) and O(N) where N is the number of unknowns. The efficiency of FMM applications to BEM in potential problems is well-documented [8] [9] [10] [11] .
This paper presents the use of integral equations approach where the unknown charge densities are obtained using BEM and point-matching since the highest field values appear at element boundaries. Compression technique FMM is employed to reduce the computation time and memory requirements. Results acquired by both computations are compared with the results of a commercial software based on FEM.
Calculation method
Calculation of electric field is based on the approximation of charge density on the transformer winding. The approximation functions for finding charge distribution can be polynomial functions of different orders [13] [14] [15] .
Point-matching method is used and the integration is done analitically.
Problem formulation
Green's function of free space for 2D Laplace equation is [16]:
Where r  is the distance of a calculation point, and ' r  is the distance of a referent point on a source. Therefore, electric field potential ( ) r ϕ  can be represented by:
where ( ) r σ  is the distribution of surface charge density, and ' Ω is the surface of two-dimensional elements.
By finding charge distribution σ on every boundary element, it is possible to calculate potential and electric field in space around the winding. The surface charge is approximated by N basis functions i f :
where i α are the unknown coefficients. Those coefficients are obtained from known potential using the pointmatching method. Since the problem is two dimensional, ' r r −   in (1) is written as: 
When using linear approximation, the basis functions are 1 1 2 2 , , 1 , and 1 .
x y x y f x f y f x f y = = = − = − Each coil is discretized in four segments in both radial and axial direction. Therefore, there is sixteen linear elements per coil.
